We used novel analytical approaches to identify inflammatory response patterns to plaque accumulation in experimental gingivitis studies in humans. Data from two experimental gingivitis studies [Dataset I (n = 40) and Dataset II (n = 42)], which differed in design and recording methods, were used. Both studies comprised a three-phase program as follows: pre-induction period (oral hygiene as usual for Dataset I; professional tooth cleaning for Dataset II); induction period (plaque accumulation); and resolution period (oral hygiene as usual). Clinical recordings of plaque and gingival inflammation were made on days 0, 4, 9, and 14 for Dataset I and on days À14, 0, 7, 21, and 35 for Dataset II. Group-based-trajectory and growth curve modeling were used for data analysis. In Dataset I, gingival response to plaque accumulation was found to be lagged in time. Different group-based response patterns for gingival inflammation were not identified. However, in Dataset II, 'fast' and 'slow' gingival inflammation responders were identified. 'Slow' responders had lagged inflammation responses, whereas 'fast' responders seemed to respond immediately to plaque. The findings show that analytical approaches which consider the data structure allow investigation of the dynamics of the relationship between plaque accumulation and gingival inflammation and facilitate the identification of differential patterns of gingival inflammation development. The term 'experimental gingivitis' was coined by MEL-LANBY (1), in 1930, to describe the induction of periodontal diseases in dogs through manipulation of their early-life diet. However, contemporary understanding of the experimental gingivitis model refers to the pivotal study described by L € OE et al. (2), in which gingivitis is induced by plaque accumulation during abstention from all oral hygiene procedures and is resolved by the reinstitution of oral hygiene procedures. L € OE et al. noted that the time necessary to develop clinical gingivitis varied between individuals and ascribed the variation to 'individual defense mechanism variability' (2). Even though the idea of individual variation in response patterns has been reported in several experimental gingivitis studies (3-8), attempts to characterize this individual variation more formally have been based on arbitrary decisions on outliers in a distribution of responses. LIE et al. (5) chose as 'weak' and 'strong' responders, six (weak) and seven (strong) individuals, on the basis of their 3-wk bleeding score deviating by a factor of 2 or more from the mean score observed among the 25 participants of two consecutive experimental gingivitis studies. In a series of publications (6-8), TROMBELLI and coworkers designated people belonging to the upper and lower quartiles of the distribution of the residuals after regression of cumulative plaque scores on gingival crevicular fluid values at day 21 of an experimental gingivitis study as 'high' and 'low' responders, respectively. Neither approach makes full use of the hallmark of the experimental gingivitis study, which is the longitudinal design resulting in the acquisition of several measures per participant over the study period. The resulting panel-data structure of the observations and the longitudinal study design are frequently neglected in the data analyses.
The term 'experimental gingivitis' was coined by MEL-LANBY (1) , in 1930, to describe the induction of periodontal diseases in dogs through manipulation of their early-life diet. However, contemporary understanding of the experimental gingivitis model refers to the pivotal study described by L € OE et al. (2) , in which gingivitis is induced by plaque accumulation during abstention from all oral hygiene procedures and is resolved by the reinstitution of oral hygiene procedures. L € OE et al. noted that the time necessary to develop clinical gingivitis varied between individuals and ascribed the variation to 'individual defense mechanism variability' (2) . Even though the idea of individual variation in response patterns has been reported in several experimental gingivitis studies (3) (4) (5) (6) (7) (8) , attempts to characterize this individual variation more formally have been based on arbitrary decisions on outliers in a distribution of responses. LIE et al. (5) chose as 'weak' and 'strong' responders, six (weak) and seven (strong) individuals, on the basis of their 3-wk bleeding score deviating by a factor of 2 or more from the mean score observed among the 25 participants of two consecutive experimental gingivitis studies. In a series of publications (6) (7) (8) , TROMBELLI and coworkers designated people belonging to the upper and lower quartiles of the distribution of the residuals after regression of cumulative plaque scores on gingival crevicular fluid values at day 21 of an experimental gingivitis study as 'high' and 'low' responders, respectively. Neither approach makes full use of the hallmark of the experimental gingivitis study, which is the longitudinal design resulting in the acquisition of several measures per participant over the study period. The resulting panel-data structure of the observations and the longitudinal study design are frequently neglected in the data analyses.
Even though the most commonly employed statistical methods used, such as repeated-measures ANOVA, take into account the repeated measures over time, they do not consider exactly how the data cluster in time and within participants. Additionally, when modeling experimental gingivitis data, one has to bear in mind that both outcome (gingival inflammation) and exposure (plaque accumulation) can be characterized as growth curves. Thus, experimental gingivitis analysis should properly model the time-varying gingival outcome variable, as well as both time-varying and timeinvariant covariates, over the study period. Growth curve modeling, which can be executed as mixed effects linear regression, seems to be appropriate in this context because it allows the modeling of variables that vary over time at the person level (9, 10) . Despite its wide employment in social, behavioral, and economic sciences, such an approach is rarely used in the dental field.
Group-based-trajectory modeling (GBTM) is another analytical approach of particular interest for experimental gingivitis studies. Group-based-trajectory modeling is an application of finite mixture modeling that identifies individuals with statistically similar trajectories and groups them into coherent subgroups (11) . Instead of arbitrarily defining groups, as carried out previously (5) (6) (7) (8) , GBTM applies statistical methods to characterize groups with distinct trajectories, which are summarized by a finite set of polynomial functions of time (12) . An advantage of this method is that it allows the trajectories to arise from the data itself, rather than pre-assuming trajectories based on individual traits (12) . Thus, such an analytical approach may be a useful tool for identification of individuals who may respond differently to plaque accumulation.
Despite the widespread use of experimental gingivitis studies, there are still gaps to fill with respect to the most informative analysis of this study format. The aim of this study was to explore the possibilities inherent in new analytical approaches for identification of different response patterns in experimental gingivitis studies.
Material and methods
We used data from two experimental gingivitis studies, both of which were conducted at Aarhus University.
Dataset I
The data in Dataset I originate from a study designed as comprising two distinct experimental gingivitis studies carried out in the same participants and separated by 3 wk. In the first experimental gingivitis study period (induction phase A), participants were randomized to either a sodium lauryl sulphate (SLS)-containing mouthrinse or a control mouthrinse; in the second experimental gingivitis study period (induction phase B), all participants underwent a classical experimental gingivitis study involving plaque accumulation through abstention from oral hygiene procedures ( Figure S1 ). For the purpose of this study, only data from induction phase B were analyzed. Briefly, following a 3-wk period of normal oral hygiene, a total of 40 young adults participated in a 2-wk experimental plaque-accumulation period (induction phase B), during which no oral hygiene procedures were performed (Fig. 1) . Clinical recordings of plaque and of gingival inflammation, using the criteria described by SILNESS & L € OE (13) and L € OE & SILNESS (14) , respectively, were made on six sites per tooth present on each of the days shown in Fig. 1 . Additional details of the study design can be found in Appendix S1 and Figure S1 . Participants were recruited from Aarhus University students on the basis of provision of written, informed consent, and the study protocol was approved by the Regional Ethics Committee of the County of Aarhus, Denmark (j.nr. 1992/2454).
Dataset II
This study was designed to evaluate changes in selected markers of inflammation during development and resolution of gingival inflammation in young adults. Participants were recruited among Aarhus University students, and participation was based on provision of written, informed consent. The study protocol was approved by the Ethics Committee of Central Denmark Region (j.nr. 1-10-72-402-14). Forty-two participants underwent three phases ( Fig. 1) : a 2-wk pre-induction phase, during which two sessions of professional tooth cleaning were performed; a 3-wk induction phase, during which no oral hygiene procedures were performed; and a 2-wk resolution phase, during which normal oral hygiene procedures were resumed. Plaque recordings were obtained using the Modified Quigley and Hein Plaque Index (TQHPI) (15) , while clinical recordings of gingival inflammation were based on the Modified Gingival Index (MGI) (16) . Plaque was recorded in the papillary and marginal units of each tooth (except third molars), from the buccal/labial aspect only (56 recordings per participant), while recordings of gingival inflammation were made also from the lingual/palatal aspect, leading to 112 recordings of gingival inflammation in papillary and marginal gingival units. Additional details of the study design may be found in Appendix S1.
Data analysis
The distribution of the plaque index (PlI/TQHPI) and gingival index (GiI/MGI) scores was tabulated for each time point of recording (Dataset I is shown in Table S1 and Dataset II in Table S2 ), and individual trajectories of the mean PlI/TQHPI and GiI/MGI scores over the induction phase were drawn ( Figures S2 and S3 ). Repeated-measures ANOVA was used to evaluate the relationship of mean PlI/TQHPI and GiI/MGI scores over the study period.
An alternative approach to the analysis of longitudinal data is to model them using growth curve modeling, here executed as mixed-effects models. Multilevel modeling is well suited for the analysis of time-related data; that is, when recordings at each time point are dependent within any given participant. Accordingly, we analyzed the data using linear mixed-effects regression of the mean GiI/MGI score (outcome) on the day of recording (time) and the Fig. 1 . Outline of the design of both datasets included in the study. Days displayed in the middle of the horizontal axis were common to both datasets, while days appearing above the horizontal axis belong to Dataset I and those appearing below belong to Dataset II.
mean PlI/TQHPI score. For Dataset II, the mean MGI score at the day of enrolment (day À14) was also included as a time-invariant covariate.
The GBTM macro of STATA 14.2 (StataCorp, College Station, TX, USA) was used to model the patterns of plaque accumulation and the development of gingival inflammation (17) . The number of groups, the model distribution, and the polynomial type were chosen when the GBTM model was fitted. The censored normal distribution was used for modeling all conditions because of the data distribution. The Bayesian Information Criterion (BIC) and the Akaike Information Criterion (AIC) were used to determine the number of groups that best represented the variability in the individual trajectories specific to our study (18) . In addition to the BIC and AIC, we also considered: (i) the most parsimonious model that fitted data properly; (ii) close correspondence between the estimated probability for each group and the proportion of individuals classified to that group following the maximum posterior probability assignment rule; (iii) an average posterior probability of >0.7 for each group; (iv) an adequate number of individuals assigned in each group; and (v) the odds of correct classification based on posterior probabilities of group membership >5.0 for each group (12) .
Results

Dataset I
The individual trajectories for development in the mean PlI scores ( Figure S2 ) during the induction phase showed very little variation among individuals. While more interindividual variation was observed in the development of mean GiI scores, there was little indication of distinct patterns of development ( Figure S2 ) and, in corroboration with these observations, groupbased trajectory modeling showed that no distinct trajectory groups could be identified in Dataset I.
Repeated-measures ANOVA revealed that the day of recording was a highly significant influence (P < 0.0001) for the mean GiI, whereas the mean PlI barely statistically significantly influenced the mean GiI (P < 0.03; Table 1 ).
Random growth curve modeling of the mean GiI during the induction phase as a function of the mean PlI, and the day of recording during the induction phase, showed that the mean PlI score was associated with the mean GiI score, the coefficient being 0.24 (Table 2) . Notwithstanding, these growth curve models, which specifically model time as a covariate, showed that the gingival response to accumulation of plaque is lagged in time. Hence, when the mean PlI score was not considered as a covariate, the mean GiI was predicted to increase steadily with increasing time, whereas adjusting for the mean PlI showed a lagged gingival response in the induction phase, as indicated by the negative coefficients for day (Table 2) . Sensitivity analysis demonstrated no effect of mouthrinse on the mean GiI (data not shown, but available on request).
Dataset II
Tabulation of the scores assigned at each recording day (Table S2) showed a gradual and continuing increase of both the plaque scores and the gingival scores assigned over the entire 3-wk induction phase. Repeated-measures ANOVA revealed that the mean MGI was influenced by the day of recording (P < 0.001) and the mean TQHPI (P < 0.001; Table 1 ). Estimates given are regression coefficient (95% CI).
Analysis of experimental gingivitis data
The individual trajectories for the mean TQHPI scores, and in particular the mean MGI scores, over the induction phase indicated that groups of trajectories might be identified ( Figure S3 ). However, irrespective of the polynomial type used, group-based trajectory modeling indicated only one group for the mean TQHPI scores over time. By contrast, two different trajectory groups were identified for the mean MGI scores over time. The first group, labeled 'fast' responders, comprised 15 participants, while the second group, labeled 'slow' responders, comprised 27 participants (Fig. 2) . Absolute model fit statistics (average posterior probabilities and odds of correct classification) for the GBTM analysis are shown in Table 3 (12) . These analyses indicated a proper classification assignment for both groups identified. The main difference in the two group trajectories was found in the period between day 0 and day 7, in which the 'fast' responders achieved higher mean MGI scores than the 'slow' responders.
Mixed-effects multilevel models revealed an increase in the mean MGI scores over time (Table 4) . However, a statistically significant influence of time could be observed only after 2 wk of the induction phase. All participants had recovered their gingival health by the end of the study. In the total sample, higher mean TQHPI scores as well as the mean MGI score at day À14 were statistically significantly positively associated, with increments of 0.34 and 0.18 (respectively) in the mean MGI score.
Stratified analysis according to trajectory group was carried out. The 'fast' responders had higher mean MGI scores at the end of the first week of the induction phase, in contrast to the 'slow' responders, who needed an extra week to achieve similar mean MGI scores (Table 4 ). This analysis also showed that the mean MGI score at day À14 was higher among the 'fast' response pattern than in the 'slow' response group (Table 4) . The mean TQHPI score remained associated with the mean MGI score in both groups. However, the TQHPI value at day À14 was not associated with the mean MGI over the induction phase, irrespective of the response group. The linear predicted slope difference between the 'fast' and the 'slow' responders ( Fig. 3) shows a lagged gingival response to plaque accumulation among 'slow' respondents, whereas the fast responders seem to respond immediately.
Discussion
The idea that individuals present different patterns of gingivitis development and progression has previously been formulated (2-8), but only rarely (5, 6) have more formal analyses been attempted, and these have used rather arbitrary thresholds pertaining to distributional tails in their definition of extreme experimental gingivitis response groups. The findings of the present study have demonstrated how novel approaches to the analysis of data from experimental gingivitis studies may help in the description of the course of development of gingival inflammation and in the identification and characterization of individual variation in susceptibility to development of gingival inflammation in response to plaque accumulation. A central contribution of this study is the identification of different gingival inflammatory response patterns to plaque accumulation. Group-based-trajectory modeling showed that, in Dataset II, two groups of individuals could be identified as having different patterns of development of gingival inflammation, and these were dubbed 'slow' and 'fast' responders. We have shown that 'fast' responders developed gingivitis more rapidly than the 'slow' responders who 'caught up'; that is, they reached similar levels of gingival inflammation after 2 wk of plaque accumulation. Moreover, the gingival inflammation background -as indicated by the level of gingival inflammation measured at the time of eligibility assessment (day À14) -was shown to be associated with the 'fast' but not with the 'slow' gingival response pattern. This may indicate that a 'fast' response could be a result of priming, and it is possible that, in 'fast' responders, neutrophils (which are essential components of the primary innate immune response) may be primed by exposure to the oral biofilm (19) . Hence, a de novo exposure to the oral biofilm might rapidly activate primed neutrophils to respond, and so explain our observations (20, 21) .
On a similar note, WIEDEMANN et al. (22) and WATTS (23) observed that the time taken to develop a substantial degree of inflammation differed among individuals, and they ascribed this to some people being more 'resistant' than others to the development of gingivitis. ABBAS et al. (3) explored individual susceptibility to the development of experimental gingivitis by studying the course of experimental gingivitis among participants with high and low ratios of bleeding to plaque at the time of eligibility assessment. Clinical results indicated that the main distinction between the groups lay in different starting points rather than in different response patterns. TROMBELLI et al. (6) (7) (8) looked at the most aberrant half of the study group based on the relationship between gingival crevicular fluid levels at day 21 and a measure of the cumulative plaque exposure over 21 days. The 'high' and 'low' responders thus identified differed by the 'high' responders having higher levels of gingival inflammation than the 'low' responders at all time points, but their analysis did not identify different patterns of development.
The above observations differ from those of the present study, which, precisely by using GBTM, has identified different temporal patterns of gingival inflammation development in Dataset II. While the previous studies established a priori groups based on arbitrary criteria, the use of GBTM allows identification of groups that have statistically similar trajectories based on the data itself (11) . The method estimates the probability for each individual of group membership and assigns them to the group for which they have the highest probability. The criteria to select an appropriate model comprise the following: a critical evaluation of the BIC; the use of a parsimonious model that fits the data well; the number of individuals in each group; and the membership probability (12) . Thus, this approach offers the possibility of avoiding group identification based on intrinsically subjective criteria (12) .
Even though GBTM was also attempted in Dataset I, the individual trajectories indicated very little interindividual variation in development of mean PlI scores and no indication of distinct groups among trajectories in mean GiI scores, which at best pointed to a few 'outliers' ( Figure S2 ). The most plausible explanation for the trajectory modeling difference between datasets is that participants in Dataset II commenced the plaque accumulation phase with very little plaque and essentially no gingival inflammation as a result of the 2-wk oral hygiene program that was run before the induction phase. By contrast, participants in Dataset I commenced the plaque accumulation phase from their normal steady-state situation. The observation that distinct groups of trajectories were not replicated in Dataset I suggests to us that the revelation of these patterns may require a rather uniform starting point characterized by low inflammation. However, the latter should not be achieved by preselection, as is often the case (3), but by individualized pre-study oral hygiene programs with professional tooth cleaning, irrespective of duration. This is further supported by the observations of VAN DER WEIJ-DEN et al. (24) , who found that, at the group level, participants developed comparable levels of gingival bleeding in an experimental gingivitis study, irrespective whether the experimental period was preceded by a 5-month or a 1-month oral hygiene phase without professional tooth Estimates given are regression coefficient (95% CI).
Analysis of experimental gingivitis data cleaning. However, they also noted that the extent to which gingivitis develops differs among individuals, and that it was inconsistent for a number of participants. Another aspect related to the identification of response patterns concerns the use of an analytical approach that takes into account the structure of the data from experimental gingivitis studies. The application of growth curve modeling -which was executed in the present study as a mixed effects linear regression with time as a covariate at the person level -allowed us to demonstrate how the gingival response to plaque accumulation is lagged (delayed) in time. Moreover, this approach allowed us to demonstrate that, in Dataset II, the lag in development of gingival inflammation in response to plaque accumulation was confined to the 'slow' responders only, whereas 'fast' responders seemed capable of mounting an immediate response to plaque accumulation. This demonstrates the relevance of this modeling approach for experimental gingivitis studies because it accounts for both the data structure and the use of time-varying outcomes and exposures. Even though traditional analytical methods used in experimental gingivitis studies (such as repeated-measures ANOVA) account for multiple measurements over time, these approaches neglect the individual variability expected over time because they do not consider how data cluster in time and in each individual, which can lead to biased estimates (10) . Additionally, experimental gingivitis studies are expected to model at least two time-varying variables that grow assuming a curve shape over the oral hygiene abstention phase: gingival inflammation and plaque accumulation. Therefore, this unique scenario favors employment of a method that accounts for all the specificities related to this type of study (9, 10) .
As Dataset I differs from Dataset II in some methodological aspects, it is important to examine whether the differences between datasets might have influenced the overall findings. One difference was in the indices used to measure plaque and gingival inflammation. In Dataset I, both PlI and GiI relied on information obtained with the use of a probe, whereas, in Dataset II, both indices were probing-free. In order to examine the influence of the indices used in both studies, sensitivity analysis, including information on visible plaque and inflammation only, was performed in Dataset I, and no relevant differences in the findings were observed (data not shown, but available on request).
Another aspect relates to differences in study design. Dataset I was originally designed as a trial to examine the effect of a mouthrinse solution on the development of gingival inflammation. However, in the period used for this study, participants abstained from all oral hygiene procedures, similarly to the induction phase of Dataset II. In addition, as our findings showed no effect of mouthrinse on the development of gingivitis, we assumed that the identification of a response pattern in Study I was not affected by the use of the mouthrinse. Finally, the different timing of examinations in the two studies might have influenced the findings, as Dataset I had a shorter induction phase. However, it is unlikely that a shorter plaque accumulation period precluded the identification of response patterns in Dataset I because in Dataset II, the differences between 'fast' and 'slow' responders were identified within the first 2 wk of the induction phase.
The present study has demonstrated that analytical approaches appropriate to the data structure allow investigation of the dynamics of the relationship between plaque accumulation and gingival inflammation and therefore identification of differential patterns of gingival inflammation development. Future studies using the experimental gingivitis model ought to consider these aspects when planning, and performing studies using this study design. Table S1 . Dataset I: Distribution (% of sites) of the gingival index (GiI) scores and the plaque index (PlI) scores assigned at each recording day over the 2-wk Induction Phase. 
